strongly phosphorylated after a 1 hr incubation with [ 32 P]phosphate at 9 hr in conjugation ( Figure 1B ). In contrast, p65 is not phosphorylated after a 1 hr labeling performed at 14 hr.
Isolation of the Gene Encoding Tetrahymena p65
Purification of p65 by reverse-phase high pressure liquid chromatography from 9 hr developing macronuclei has recently been reported (Madireddi et al., 1994) . Microsequence information was collected from two internal p65 peptides and used to design degenerate oligonucleotide primers for polymerase chain reaction (PCR) amplification. DNA sequence information from the amplified segments was used to design further primers. Using PCR, reverse transcription PCR amplification, and inverse PCR, the remainder of the gene, including upstream and downstream regions, was isolated (see Experimental Procedures). Genomic Southern blot analysis revealed that the gene encoding p65 is single copy (data not shown). Figure 2 . We believe this translaconjugation. Whole-cell protein from starved vegetative cells (St) tion to be correct for several reasons. First, both peptide and 2 hr timepoints during conjugation were separated by SDSsequences originally obtained from p65 are found in PAGE (6%), immunoblotted, and probed with anti-Pdd1p antiserum.
the predicted coding region (underlined in Figure 2 ).
Note that Pdd1p can be resolved into several closely spaced bands Second, the calculated molecular mass of the protein at about 8 hr. Essentially all of the heterogeneity exhibited by Pdd1p at 8 hr is lost upon treatment with alkaline phosphatase (see Mad-(57.5 kDa) is in reasonable agreement with the apparent ireddi et al., 1994) . mass of the polypeptide (65 kDa) in SDS-polyacrylamide (B) Two-dimensional gel analysis of Pdd1p phosphorylation. Total gel electrophoresis (SDS-PAGE) analysis. Third, nonanlagen protein from 9 and 14 hr conjugants (labeled separately for coding regions are of high AT character as is typical for 1 hr with [ 32 P]orthophosphate) was subjected to two-dimensional
Tetrahymena genes (for review see Prescott, 1994) . The analyses (NEPHGE by SDS-PAGE). The arrow marks the position 3Ј untranslated region has two putative poly(A) addition of Pdd1p (determined by cross-reactivity using anti-p65 antibodies) in both the 9 and 14 hr autoradiogram. Note the extensive heterogesignal sequences that follow the TGA stop codon. Fineity associated with Pdd1p in the first (NEPHGE) dimension.
nally, primer extension analyses show that the proposed ATG start codon is the only ATG within the 5Ј flanking untranslated spacer (data not shown). It should be that p65 is detected in a reasonably broad window of conjugation (5-15 hr; Figure 1A ). p65 is not detected in noted, however, that the sequences flanking the second in-frame ATG codon are more typical of translation start starved cells or in young mating pairs (0-5 hr) or in cells during late stages of macronuclear development (15) (16) (17) (18) (19) (20) sites in other Tetrahymena genes (Brunk and Sadler, 1990) , suggesting that the second ATG may be the true hr). This developmental profile corresponds closely to the first appearance of anlagen (at about 7 hr; Martindale start codon. Direct testing of this possibility by peptide sequencing is precluded because the N-terminus of the et al., 1982) and the occurrence of anlagen DNA elimination (between 12 and 14 hr; Austerberry et al., 1984;  protein appears to be blocked (M. T. M. and C. D. A., unpublished data). Yokoyama and Yao, 1982) .
Close inspection of the immunoblot shown in Figure  Comparison of p65 amino acid sequence with available databases suggest that p65 is a novel polypeptide. 1A reveals that, at certain developmental times, p65 can be resolved into a heterogeneous collection of closely However, alignments with limited stretches of sequence reveal that p65 contains two copies of a chromodomain spaced bands. p65 appears initially ‫6ف(‬ hr) as a single, faster-migrating species that becomes increasingly het-(for chromatin organization modifier; Paro and Hogness, 1991), a domain found primarily in proteins associated erogeneous such that, by 8-9 hr, four to five species are detected. After 10 hr, most of this heterogeneity is with transcriptionally repressed chromatin, such as heterochromatin (labeled CD1 and CD2 in Figure 2 and lost, such that by 14 hr a single, faster-migrating species is again evident. Phosphorylation is most likely responsi- Figure 3 ). Of the two chromodomains found in p65, the more N-terminal domain (CD1) more closely resembles ble for the heterogeneity exhibited by p65 since alkaline phosphatase treatment converts essentially all of the canonical chromodomains in primary sequence, although it contains two insertions of single residues (see p65 heterogeneity (at 8-9 hr) to a single, faster-migrating species (Madireddi et al., 1994) . To confirm this conclu- Figure 3 ). The second chromodomain (CD2) is one of the most divergent members of this family yet reported, sion, metabolic labeling studies with [ 32 P]orthophosphate were performed. Two-dimensional gel analyses although its sequence more closely resembles the classical chromodomain than the recently described chro-(NEPHGE by SDSl; see Experimental Procedures) of total anlagen protein show that p65 is heterogeneous and modomain "shadow" (Aasland and Stewart, 1995). Translation of the longest open reading frame of the PDD1 gene is shown from the presumed initiator methionine. Protein sequences unambiguously identified by direct peptide sequencing of fragments generated by Glu-C endoprotease and CNBr are underlined. CD1 (chromodomain 1) and CD2 (chromodomain 2) are the two regions that are similar to the chromodomain of heterochromatin-associated proteins and are shown in bold (details are given in Figure 3 ).
As with the first two chromodomains identified, Droto the electron-dense regions of the Pdd1p-positive structures, thereby confirming the presence of Pdd1p sophila heterochromatin protein 1 (HP1) and Polycomb (Pc) (Paro and Hogness, 1991), each p65 chromodoand H2A in the same structures. Our earlier report (Madireddi et al., 1994) suggested that p65 (Pdd1p) is found main-coding region is interrupted by a single intron, each inserted after the first nucleotide of an asparagine in the "shells" of vesicles with central DNA-containing cores. Our current electron microscopic studies, howcodon found in the same relative position in the aligned sequences. This suggests that, despite their sequence ever, favor a more intimate association between Pdd1p and DNA. As far as we are aware, these structures have divergence, the two chromodomains in p65 arose from an ancestral gene duplication.
not been described previously in Tetrahymena, although prenucleolar bodies of similar ultrastructure have been described during later stages of anlagen development Pdd1p Associates with Heterochromatin during Macronuclear Development (Weiske-Benner and Eckert, 1985) . Because Pdd1p contains two chromodomains and localizes with structures The finding that Pdd1p contains two copies of a domain present in many heterochromatin-associated proteins resembling compacted chromatin, we will describe these structures as being heterochromatic in nature. is interesting in light of the fact that eliminated DNA However, other properties of classically defined heterosegments in higher eukaryotes are often heterochrochromatin (for review see Lohe and Hilliker, 1995) remain matic in nature (reviewed by Goday and Pimpinelli, 1984;  to be explored with Pdd1p structures. Hennig, 1988; Muller et al., 1996) . Earlier results indicate that dynamic changes occur in the distribution of Pdd1p
Pdd1p Colocalizes with Germline-Specific during macronuclear development (Madireddi et al.,
Deletion Elements 1994). To determine whether Pdd1p localizes to regions
The accumulation of Pdd1p and its sudden disappearof condensed chromatin in anlagen, we performed imance from anlagen correspond closely to the time when munogold cytochemistry.
germline DNA is eliminated in Tetrahymena (Yao, 1982 ; We find that Pdd1p associates with a collection of Yokoyama and Yao, 1982; Austerberry et al., 1984) . This electron-dense structures that concentrate at the petemporal coincidence and the striking redistribution of riphery of developing new macronuclei ( Figure 4A ). ParPdd1p into DNA-containing structures (Madireddi et al., allel thin sections were also reacted with a general his-1994, 1995) raise the possibility that Pdd1p may associtone H2A antibody ( Figure 4B ). H2A signal also localizes ate with DNA targeted for elimination. To investigate this possibility, we performed immunofluorescence using Pdd1p-specific antibodies (Madireddi et al., 1994) and fluorescence in situ hybridization (FISH) using a probe directed against micronuclear-limited (ML) DNA simultaneously on conjugating cells ( Figure 5 ). The probe used for these analyses was prepared from total micronuclear DNA. Macronuclear-destined DNA sequences were therefore masked by adding a 100-fold excess of unla- Yao, 6i) . From these results, it seems unlikely that Pdd1p is involved in the initial DNA fragmentation events as 1982) is used as probe (data not shown). In contrast, FISH-ML hybridization signal is diffuse in micronuclei detected by the TUNEL assay. Pdd1p, however, may be involved in a subsequent event, such as DNA resorption. (compare images of the same cells stained with DAPI in Figures 5a, 5d , and 5g), and parental macronuclei are not stained. Moreover, experiments using rDNA as Discussion probe in similar FISH analyses demonstrate that Pdd1p and rDNA do not colocalize at any stage of macronuclear Selective elimination of germline DNA, or chromatin diminution, was first described over 100 years ago in the development (unpublished data to be reported elsewhere). Thus, the finding that Pdd1p structures colocalascarid worm (Boveri, 1887; for review see Tobler, 1988; Muller et al., 1996) . Since then, large-scale DNA reize with a one-to-one correspondence with ML DNA segments in developing anlagen provides the strongest arrangements have been observed that characterize somatic nuclear differentiation in ciliated protozoa (Presevidence to date that Pdd1p (and Pdd1p-derived structures) are linked to DNA elimination in Tetrahymena. cott, 1994) , arthropods (Beerman, 1977) , and vertebrates (Kubota et al., 1993; Nakai et al., 1995) . In this study, we report the cloning of a gene encoding a protein Macronuclei Undergoing Programmed Nuclear Death Exhibit Pdd1p Staining that colocalizes with eliminated DNA (Madireddi et al., 1994 (Madireddi et al., , 1995 . The gene encoding this novel polypeptide, The finding that Pdd1p colocalizes with germline deletion elements raises the possibility that Pdd1p is associ-PDD1, predicts that it is a member of the chromodomain family, and we demonstrate that Pdd1p associates with ated with programmed DNA degradation in other developmental situations. Total DNA degradation occurs in a class of heterochromatic structures that contain germline-specific DNA elements. Thus, it seems likely that parental macronuclei undergoing programmed nuclear death during the same developmental period when spePdd1p directly links heterochromatin to programmed DNA degradation (see below). cific sequences are eliminated from the anlagen. To determine whether Pdd1p is present in macronuclei undergoing apoptosis, we performed immunofluoresPdd1p Is Linked to DNA Elimination Several lines of evidence suggest a direct link between cence in parallel with an in situ assay that detects nicked DNA ends in apoptotic nuclei (terminal deoxynucleotide Pdd1p and DNA elimination in Tetrahymena. First, a strong temporal and spatial correlation exists between transferase-mediated dUTP-digoxygenein nick end labeling, or TUNEL; Gavrieli et al., 1992) .
the presence of Pdd1p in nuclei and the occurrence Starved cells (top row; a-c) and 13 hr exconjugants (middle and bottom rows; d-i) staged for abundant Pdd1p structures were doubly probed with anti-Pdd1p antibody (rhodamine-conjugated secondary, red) and ML DNA (FISH, green). All samples were counterstained with the DNAspecific dye DAPI to visualize the position of macronuclei (MAC), micronuclei (MIC), and anlagen (AN) in these cells. Short arrows point to Pdd1p structures in (e) and (h) and the corresponding ML DNA that associates with these bodies in (f) and (i). Micronuclei in (f) are stained well by FISH, but reside in a different focal plane than the Pdd1p structures. Magnification, 400ϫ.
of DNA elimination. In developing macronuclei, Pdd1p positive DNA. In this report, we have extended these observations to show that Pdd1p colocalizes with miappears and disappears from anlagen close to the time when DNA deletion is known to occur. After DNA delecronuclear-specific DNA sequences at the expected time of their elimination, providing the strongest evition occurs, Pdd1p is no longer detected in anlagen (this report; Madireddi et al., 1994) , and Pdd1p is typically dence that Pdd1p is directly linked to this process. In Tetrahymena, about 15% of the micronuclear genome not found in nuclei that do not undergo DNA elimination. Pdd1p is also detected in parental macronuclei when is eliminated in the form of about 6000 site-specific deletions. Because the probe used in our FISH studies these nuclei undergo terminal stages of apoptosis, a process characterized by wholesale DNA degradation was prepared from total micronuclear DNA and is expected to hybridize primarily to repetitive sequences, and complete resorption (Davis et al., 1992) . Interestingly, transient, low levels of the protein have been obfurther experiments will be required to confirm the involvement of Pdd1p in the elimination of unique deleserved in parental macronuclei well before apoptotic elimination occurs ‫6-4ف(‬ hr; Madireddi et al., 1994) . tion elements. However, a significant portion, if not the majority, of deleted DNA is repetitive in nature (Yao and Whether the presence of Pdd1p in parental macronuclei during this period reflects a functional link to DNA deleGorovsky, 1974). Pdd1p represents a protein that appears to colocalize tion is not known.
Second, published studies have shown that Pdd1p with eliminated germline DNA segments. Molecular studies in Tetrahymena have documented cis-acting undergoes a pronounced redistribution during macronuclear development (Madireddi et al., 1994 (Madireddi et al., , 1995 . regulatory sequences that function to define the general region and boundary of deletion elements (Godiska and Initially diffuse, Pdd1p staining becomes punctate and concentrated at the periphery of anlagen in close asso- Yao, 1990; Godiska et al., 1993) . We have suggested that potentially limiting trans-acting factors exist that ciation with cytologically discrete segments of DAPI- recognize and bind to deletion elements, thereby "markproperties similar to Pdd1p may help to define features of chromatin required for regulated V(D)J recombinase ing" them for elimination (Yao, 1996; Coyne et al., 1996) . A requirement for dosage-dependent factors involved activity. in the deletion process is suggested from studies of cells carrying extra copies of deletion elements in their Pdd1p Shares Properties with HeterochromatinAssociated Proteins and Actively Associates old macronuclei that fail to excise the corresponding element during development of their new macronuclei with Condensed Chromatin Our data suggest a link between Pdd1p and heterochro- . The simplest interpretation of these results is sequestration in the old macronuclei of matin, a specialized form of chromatin that typically remains condensed during interphase and is associated limiting amounts of deletion-specific trans factors. The relationship, if any, between these trans factors and with transcriptional silencing and late replication (for review see Karpen, 1994; Weiler and Wakimoto, 1995 ; Pdd1p is not known and remains speculative (see below). Elgin, 1996) . Pdd1p contains two copies of a chromodomain, a domain found primarily in heterochromatinThe abundant nature of Pdd1p suggests that it plays a more structural role (Madireddi et al., 1994) . Pdd1p associated proteins (reviewed by Wolffe, 1994) . Two of the better-studied such proteins in Drosophila, HP1 and may form a complex with deletion-specific DNA-binding factors, thereby promoting a change in chromatin strucPc, are tightly linked to heterochromatin-mediated transcriptional repression and contain one or more chromoture (perhaps mediated by phosphorylation; see below) that brings appropriate boundaries of eliminated sedomains. Although chromodomain-containing proteins are not thought to bind DNA directly (Singh et al., 1991) , quences into the appropriate conformation for excision (Coyne et al., 1996) . By analogy with models proposed the chromodomain is necessary for chromosome binding and sufficient to define binding specificity (Messmer for other heterochromatin-associated proteins (see below), Pdd1p may function in a stoichiometric fashion in et al., 1992; Platero et al., 1995) . Interaction of chromodomain proteins with heterochromatin, therefore, is the assembly of a multicomponent complex, mediated by protein-protein interactions. Recent results suggest probably mediated through protein-protein interactions, in agreement with current models for heterochromatin a parallel between the Pdd1p-mediated deletion process reported here and V(D)J recombination during B assembly involving formation of a multicomponent complex (for review see Henikoff, 1990 Henikoff, , 1994 Karpen, 1994) . cell maturation (Stanhope-Baker et al., 1996) . In this case, a lineage-and stage-specific change in chromatin By analogy with HP1, Pc, and other heterochromatinassociated proteins, we speculate that the chromodostructure results in selective accessibility of conserved recombination signal sequences in developing B cells. mains in Pdd1p play an important role in assembly of a protein complex that mediates a change in chromatin Although the molecular basis underlying the above change in chromatin structure is unclear, a protein with structure required for the deletion process.
Several other findings are consistent with a potential here. In the later polytene chromosome stage of hypotrich macronuclear development, darkly staining polyrelationship between Pdd1p and heterochromatin. First, Pdd1p is present with core histone H2A in electrontene bands or groups of bands have also been described as heterochromatic, but these differ from classical hetdense structures whose ultrastructure closely resembles highly condensed chromatin. Second, Pdd1p beerochromatin in being overreplicated (Ammerman et al., 1974) and in their loose packing ratio (Meyer and Lipps, comes increasingly phosphorylated during the initial phase of anlage development (see Figure 1, 6-10 hr) 1980). These ''heterochromatic'' blocks appear to contribute genetic material to mature macronuclei (Ammerand during this period becomes progressively organized into more compacted chromatin (Smothers et al., subman et al., 1974) . In contrast, ML DNA has recently been reported to be underreplicated during the polytene mitted). Likewise, in Drosophila, the appearance of more highly phosphorylated isoforms of HP1 coincides with stage of the hypotrich Euplotes crassus (Frels et al., 1996) . the formation of cytologically visible heterochromatin (Eissenberg et al., 1994) . These data suggest the possiIt has been proposed that elimination of germline sequences may "streamline" the somatic (macronuclear) bility that dynamic phosphorylation of Pdd1p, like that of HP1, correlates with the assembly of structures intigenome from chromosomal elements required only for micronuclear-specific functions (Yao, 1996 ; Coyne et mately involved in the deletion process.
PROSITE analysis (Baroich, 1992) reveals multiple poal., 1996) . Although the functional importance of heterochromatin has been controversial for decades, recent tential phosphorylation sites in the Pdd1p sequence for casein kinase II, protein kinase C, and cAMP-dependent studies support its involvement in activities such as mitotic and meiotic chromosome segregation (Karpen et protein kinase (data not shown). Although phosphorylation of HP1 occurs primarily on serine and threonine al. Dernburg et al., 1996 ; reviewed by Lohe and Hilliker, 1995) , which are restricted to the micronucleus residues (Eissenberg et al., 1994) , site-directed mutagenesis experiments suggest that the tyrosine immediof ciliates. The macronucleus, specialized for efficient gene expression, may benefit from the elimination of ately upstream of its first chromodomain may also be phosphorylated; changing this residue to phenylalanine heterochromatin, the influence of which on transcription is usually negative, as evidenced by the phenomena of abolishes the gene silencing activity of HP1 (Platero et al., 1995) . Interestingly, a tyrosine residue is also found position-effect variegation and heterochromatic gene silencing (reviewed by Lohe and Hilliker, 1995) . The upstream of the first chromodomain in Pdd1p (see Figure 2) , preceded by a string of multiple acidic residues, involvement of Pdd1p in both heterochromatin formation and DNA elimination forges a strong molecular link an arrangement found in several chromodomain proteins, including HP1, as well as known sites of tyrosine between these two processes in ciliates. phosphorylation in other proteins (Neil et al., 1981; Baldwin et al., 1983) . Given the apparent relationships among Pdd1p, DNA nell University, Ithaca, NY). The DNA sequences reported were elimination, and heterochromatin described above, the derived entirely from CU 427. question remains whether a direct mechanistic link exists between DNA elimination and heterochromatin. InPdd1p Peptide Sequencing terestingly, in organisms that display chromatin diminuPdd1p (formerly p65) was purified as described previously (Madtion, such as certain nematodes (reviewed by Tobler, ireddi et al., 1994) and subjected to cyanogen bromide (CNBr) digestion in 0.1 N HCl for 2 hr at room temperature. Alternatively, gel-1988), arthropods (Beerman, 1977) , and vertebrates (Kupurified Pdd1p was subjected to limited proteolysis using Glu-C bota et al., 1993; Nakai et al., 1991 Nakai et al., , 1995 , the DNA endoprotease (Boehringer Mannheim) using the Cleveland techeliminated is often cytologically condensed chromatin.
nique (Cleveland et al., 1977) . Cleavage products were subjected In Drosophila, underrepresentation of heterochromatic to SDS-PAGE and immobilized on Immobilon PSQ (Millipore) for DNA segments in polytene chromosomes has been prosequencing as described by Allis et al. (1986). posed to involve DNA deletion rather than underreplication (Spradling, 1993; Spradling et al., 1993; Karpen, Electrophoresis and Immunoblotting SDS-PAGE has been described previously (Laemmli, 1970) . In cases 1994).
in which whole-cell SDS lysates were used, aliquots of 1 ϫ 10 6 to
Classically defined heterochromatin has not been well 2 ϫ 10 6 cells were removed from a mating cell culture and processed described in Tetrahymena with the possible exception as described previously (Guttman et al., 1980) . Two-dimensional of electron-dense chromatin bodies that punctuate analyses (nonequilibrium pH gradient electrophoresis or NEPHGE macronuclear chromatin (Weiske-Benner and Eckert, by SDS) were as described by Guttman et al. (1980) . Approximately 1985). In some hypotrichous ciliates, extra chromo-2 ϫ 10 5 cells equivalent of cellular protein was electrophoresed per gel lane.
somes comprising up to two thirds of the meiotic comImmunoblot analyses were done as described previously (Madplement remain in a condensed, unpolytenized hetero- ireddi et al., 1994) . Balanced protein loads of samples were ensured chromatic state during early macronuclear development by staining parallel gels of equivalently loaded samples and by (Ammerman, 1971; Ammerman et al., 1974) . They remain staining immunoblots directly with Ponceau red. Blots were blocked associated with the nuclear periphery and are believed with 5% nonfat dry milk and incubated with immune sera at a dilution to be completely degraded, in a manner somewhat simiof 1:1000. Immunoreactivity was detected by alkaline phosphataseconjugated secondary antibodies (Pierce).
lar to the Tetrahymena electron-dense bodies described DNA and RNA Analysis moist chamber. Cells were briefly stained with diamidinophenolindole (DAPI; 1 g/ml) and mounted in 10% glycerol containing 0.1% PCR was performed according to standard protocols using Taq DNA polymerase purchased from GIBCO BRL/Life Technologies.
o-phenylenediamine (Sigma). Samples were examined and photographed at 400ϫ magnification using a Zeiss microscope equipped All cloning of PCR products was performed with the T/A cloning system of Invitrogen Corp. All sequencing was done using Taq Dyefor epifluorescence photomicroscopy. Images were compiled using Canvas and Adobe photoshop. Light and electron microscopic imdeoxy terminator reagents from Perkin Elmer, Applied Biosystem Division and an Applied Biosystems model 373 automated semunocytochemistry with Pdd1p antibodies were as described elsewhere (Smothers et al., submitted) . quencer. PCR products were purified prior to sequencing using the Qiaquick PCR purification kit from Qiagen, Inc. Tetrahymena DNA and RNA were prepared according to published procedures (AustTdT-Mediated In Situ DNA Nick End Labeling erberry et Martindale and Bruns, 1983) .
A modified terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-digoxygenin nick end labeling (TUNEL) method (Gavrieli et Gene Cloning and Sequencing of PDD1 al., 1992) was used. Conjugating cells (10-12 hr) were collected Degenerate oligonucleotide primers were designed against portions by low speed centrifugation, fixed in cold methanol, immediately of the Pdd1p peptide sequences determined as above, with considdropped onto coverslips and air dried. The cells were then immersed eration given to Tetrahymena codon usage frequency (Martindale, in TBS for 30 min, rinsed in deionized water, and immersed in TdT 1989). Two primers were targeted to the outer ends of the CNBr buffer (30 mM Tris-HCl [pH 7.2], 140 mM sodium cacodylate, 1 mM cleavage product sequence (the more C-terminal underlined secobalt chloride). TdT (0.4 U/l) and digoxygenin dUTP (10 M in quence in Figure 2) , facing into the center. Their sequences are as TdT buffer) were applied to the sample and incubated in a humid follows: p65-5Ј, 5Ј-CCYYARCCYACYGGTCCYA-3Ј; and p65-3Ј, 5Ј-chamber at 37ЊC for 4 hr. The reaction was terminated by transferring ARTCTRTTCTTCTTYTRRGG-3Ј (degenerate bases in oligonucleothe coverslips into 300 mM sodium chloride, 30 mM sodium citrate tide primers: R, AG; Y, CT; S, GC; X, ACGT). Whole-cell genomic for 15 min at room temperature. The coverslips were rinsed in deion-DNA was used to amplify a product, which was cloned and seized water and covered in 2% bovine serum albumin for 10 min at quenced. The internal, gene-specific sequence was used to design room temperature, followed by a TBS wash. The cells were incua third primer, p65-P (5Ј-ATCACTAGAGTAAATGCCTAGAAAGA-3Ј) bated with anti-digoxygenin antibody (Boehringer Mannheim, 1:200 that was used in conjunction with an oligo(dT) primer to amplify a dilution in TBS) at 37ЊC for 45 min, washed in deionized water, and cDNA copy of the 3Ј end of the gene. The cDNA was amplified from counterstained with DAPI (0.2 g/ml). Samples were mounted in 4-12 hr conjugating cell RNA by the method of Barnard et al. (1994) .
10% glycerol containing 0.1% o-phenylenediamine (Sigma) and exThe amplified genomic region was extended further 5Ј using a deamined at 400ϫ magnification using a Nikon microscope equipped generate primer designed against the Glu C-generated peptide for epifluorescence photomicroscopy. sequence, p65-NP (5Ј-ARATYYTXGAYYSXAGATT-3Ј), and a genespecific primer near the 3Ј cDNA end, p65-O2 (5Ј-GCTGAATAGACTT Acknowledgments AGGAAGCAGGGG-3Ј).
Inverse PCR (Ochman et al., 1988; Triglia et al., 1988 ) was emCorrespondence should be addressed to C. D. A. All Tetrahymena ployed to obtain the 5Ј and 3Ј ends of the gene. Whole-cell genomic strains used in this study were obtained from Peter Bruns (Cornell DNA was restriction digested with HhaI and religated at low concenUniversity, Ithaca, NY). We thank Drs. Maria Davis, Ruth Yokoyama, tration and then amplified using the inverse primers p65-DC and Chris Russell for technical advice and Dr. Rosemary Sweeney (5Ј-TCTTAGGATTAAATCTAGAGTCC-3Ј) and p65-3ЈcDNA (5Ј-CATT for protocols used in the FISH experiments. Peptide sequencing TTACATATTTTGTAACGATTGAG-3Ј). All PCR products were cloned was performed at the Protein Core Facility at Baylor College of and sequenced as described above. To avoid sequence artifacts Medicine under the direction of Dr. Richard Cook. We are grateful associated with PCR, we performed final sequencing with uncloned to Jeff Bittner for help with computer graphics, Dr. Ron Pearlman genomic and cDNA products. Sequence was confirmed on both and staff at York University, Ontario for assistance in DNA sequencstrands using independently generated products. The locations of ing, and Drs. Joseph Frankel, Martin Gorovsky, Steven Henikoff, the three introns were determined by sequencing PCR products and Shmuel Pietrokovski for their helpful discussions and valuable from a 7-11 hr conjugating cell cDNA library (R. S. C. and M.-C. Y., comments. The initial phase of this work was carried out at Syracuse unpublished data).
University, Syracuse, New York. We are grateful to Drs. 
DNA and Pdd1p
(GM26210) and a fellowship to R. S. C. (GM16129). Appropriately staged mating cells were fixed and processed as for indirect immunofluorescence as described previously (Madireddi et Received July 5, 1996; revised August 12, 1996 revised August 12, . al., 1994 except that cells were exposed briefly (15 s) to a 3:1 mixture of ethanol:acetic acid before being dropped onto slides and References allowed to air dry. Cells were then processed for in situ hybridization as follows. Cells were acetylated (0.1 M triethanolamine, 0.25% Aasland, R., and Stewart, A.F. (1995) . The chromo shadow domain, acetic anhydride [pH 8.0]) for 10 min, denaturated in 70% formamide, a second chromodomain in heterochromatin-binding protein 1, HP1. 2ϫ SSC at 70ЊC for 4 min, and dehydrated sequentially in 70%, Nucl. Acids Res. 23, 3168-3173. 95%, and then 100% ethanol. An ML DNA probe was prepared by nick translation of total micronuclear DNA using biotin-dUTP Allis, C.D., Richman, R., Gorovsky, M.A., Ziegler, Y.S., Touchstone, (Boehringer Mannheim). A 100-fold excess of unlabeled, denatured B., Bradley, W.A., and Cook, R.G. (1986) . hv1 is an evolutionarily macronuclear DNA was added during hybridization to mask maconserved H2A variant that is preferentially associated with active cronuclear-retained sequences. Denatured probe was hybridized to genes. J. Biol. Chem. 261, 1941 -1948 . the processed cells in 2ϫ SSC, 10% dextran sulfate, 40% formamide Ammerman, D. (1971) . Morphology and development of the maat 30ЊC under a coverslip sealed with rubber cement for 24-36 hr.
cronuclei of the ciliates Stylonychia mytilus and Euplotes aediculaThe slides were washed twice in 2ϫ SSC, 40% formamide at 30ЊC, tus. Chromosoma 33, 209-238. followed by 1ϫ SSC at room temperature. All washes were done Ammerman, D., Steinbruck, G., von Berger, L., and Hennig, W. with gentle agitation. (1974) . The development of the macronucleus in the ciliated protoFollowing hybridization, immunofluorescence was performed as zoan Stylonychia mytilus. Chromosoma 45, 401-429. described previously (Wenkert and Allis, 1984) except that only priAusterberry, C.F., Allis, C.D., and . Specific DNA mary antibody (anti-Pdd1p) was applied. The cells were washed rearrangements in synchronously developing nuclei of Tetrahyin Tris-buffered saline (TBS) and then exposed to two secondary mena. Proc. Natl. Acad. Sci. USA 81, 7383-7387. reagents simultaneously, avidin-FITC (Boehringer Mannheim) and rhodamine-conjugated secondary antibody (Pierce) at 30ЊC in a dark Baldwin, G., Knesel, J., and Monckton, J. (1983) . Phosphorylation
